Microreactors are highly miniaturized and automated. They implement complex chemical and biological processes with minimal technical and personnel effort. They also have a compact design, high functionality and are easy to handle. Short information paths enable short reaction times. The miniature design reduces wiring and thus increases reliability. Heat and mass transport are intensified. Flexible and fast generation of micro fluidic designs require an alternative technique for cast master manufacturing. Compared with the established method of photolithography, laser rapid prototyping with ultra short laser pulses offers a faster and adaptable way for research und manufacturing.
Introduction
Microreactors are highly miniaturized and automated. They implement complex chemical and biological processes with minimal technical and personnel effort. These systems require low investment and operational costs. They have a compact design, high functionality and are easy to handle. Short information paths enable short reaction times. The miniature design reduces wiring and thus increases reliability. Heat and mass transport are intensified. This implies reaction technological advantages such as enhanced product cleanliness, improved yields and selectivities, higher process stability as well as access to new processes and applications. The integration of complex microstructures enables the realization of defined microenvironments [1] . Microreactors are becoming increasingly important in many areas of chemical and pharmaceutical synthesis, environmental analysis, molecular biological diagnostics, and general substance research. A dynamic microreactor platform is required to develop new processes and to transfer existing processes to a microreactor. The platform would provide necessary basic components such as pumps, valves, reaction chambers, mixers and heat exchangers and allows them to be quickly combined with each other. The resulting reactors have to be chemically, mechanically and thermally stable to handle a wide range of process parameters. We have achieved very good results with customized microreactors [2] . These are made from multilayer systems of material combinations from silicone, glass and metals or polymers. To build the microreactor, a polydimethylsiloxane (PDMS) flow cell is molded onto a metallic or polymeric connector plate and protected by a cover plate. The connector and cover plates contain microstructures, connectors, sensors (electrodes, micro lenses, optical fibers) and actuators (heaters, electromagnets, piezovibrators). The flow cell comprises the micro fluidic system, which consists of channels, micro mixers, pumps and valves as well as optional sensors and actuators. The cell is cast from a master die, that is fabricated using IWS laser micro material processing techniques or lithographic processes. The thickness of the pump and valve membranes is adjusted by changing the position of die elements. The microreactors are very modular, which makes them easily adaptable to specific applications. Reaction chambers are made optically accessible but electrically insulated by using glass, polymers and silicone materials. Processes can be optically monitored. Furthermore ohoto and electrochemical functionality can be integrated. A metal connector plate provides efficient thermal transport. These microreactor platforms are generally produced by casting and subsequent curing of a liquid polymer in a master device. To enable high numbers of reproducible moldings cast masters have to be out of stable materials like steal or ceramic. The selected material should also have a good compatibility to the used polymer. An often used polymer for developing micro fluidic devices is polydimethylsiloxane. Because of its low surface energy, the PDMS-chip bonds very strongly to the master after curing. Often used master types for the molding process are silicon-on-glass laminates, which are coated with a fluorine layer. Due to this layer the surface energy is minimized and therefore the adhesion force between polymer and master is lower, which enables an easier demolding. Similar thermal expansion coefficients of the used materials are also advantageous, because most casting processes take place at 80 °C and above.
Methods

Lithography
A common method to generate the master devices is structuring using photolithography and subsequent etching. This technology indeed allows resolutions of fewer than 100 nanometers and typical aspect ratios of 4:1, but it also requires a high time effort and often chemicals which are not easy to handle [3, 4, 5] . Especially prototyping causes high costs because the several steps of production are the same for single pieces as for higher batch sizes. Changing one detail in the micro fluidic design requires a new mask for exposure. To shorten costs and time an easy rapid prototyping method is needed, which can be used for all materials and material combinations.
Laser structuring
To reduce the time for replacing damaged devices or to generate masters with varied micro fluidic designs the substrates should be structured by laser. Thus the preparing step of masking the substrate with photolithography can be skipped since the laser beam ablates material in a directly scanning process. The surface-finish requirements for the structured areas are ambitious since the success of bonding the casted PDMS chip on the glass slide mainly depends on a close junction. Air gaps due to a high surface roughness cause unrequested capillary action. The picosecond laser Fuego of the company Time Bandwidth with an average power of 50 W, a wavelength of 1064 nm and a f-Theta objective with a focal length of 255 mm was used for the ablation. The repetition rate can be set from single shot up to 8 MHz. Due to the ultra short pulses with pulse durations of 10 to 12 ps and the high pulse energy oft 176 µJ even materials with unfavourable absorption in this wavelength range can be processed. As scanner an intelliScan 14 from SCANLAB in combination with a Varioscan for realizing a spot diameter of 110 µm in the focus was used.
Substrate material
For a high stability ceramic or metal is preferred. The high energetic ultra short laser pulses allow non-linear multiphoton absorption which ensures an appreciable ablation for all kinds of material. In this paper we present the processing of ceramic as master device. As material for the cast master a low temperature co-fired ceramic, so called LTCC, was selected. LTCCs are stacked and laminated greensheets of ceramics, usually aluminum oxide, with a portion of glass granule which melts during the sintering process at temperatures below 1000 °C.
Fluidic layout
The chosen micro fluidic design with two circular flows with each two chambers is shown in the image 1. The structures are comparatively large, the smallest parts of the channels are 55 µm in width. The design is used for cell culture experiments. Two different cell cultures can be cultivated in the transwell inserts and with the integrated micro pump a continuous flow of nutrient can be realized.
Image 1 Schematic representation of the fluidic design
Surface characterization
The roughness of the ablated areas was examined with a profilometer of the company Perthen, which uses a needle to scan the surface of the ceramic. As a suitable gauge length 4 mm long lines were chosen to be measured. The unmachined LTCC material has a very smooth surface with a roughness R a of about only 0.3 µm.
Results
Parameter study
To determine suitable conditions for the ablation process the influence of different parameters, like scanning velocity, laser power, number of ablation layers, line spacing and pulse repetition rate, were examined. The ablation depth of these parameter arrays was measured. Out of this variety of parameters several combinations with a suitable depth of about 200 microns and a promising surface roughness were chosen to structure a cast master. These incipient experiments should show the influences of the different laser parameters. Lower scanning velocities for example led to a glazing of the ceramic surface probably caused by the portion of glass former in the LTCC. Increasing the line spacing brought a higher surface roughness and patterns comparable to those caused by interference. A glazing of the material was also observable when the number of ablation layers was increased. Higher pulse repetition rates resulted in strong debris on the structured areas which is expected to be disadvantageous for the following molding process.
Master structuring
The duration of the structuring process varied between 10 to 50 minutes and was mainly depended on the number of ablation layers. Since the master is a negative preform everything except the micro fluidic channel design has to be ablated which causes a higher time effort. Still it is way faster than structuring via photolithography and etching, which takes weeks between placing of order and receipt.
Image 2 Laser micro structured LTCC master
Among the proceeded ceramics the master structured with a scanning velocity of 750 mm/s, a line distance of 50 microns and a pulse repetition rate of 200 kHz was selected to be tested. The laser pulse energy was 120 µJ at an average laser power of 24 watts. The material was structured with ten ablation layers of random alignment to avoid a preferred direction of the surface structures. The measurement at five spots of the master via profilometry both in vertical and horizontal alignment provided average surface roughness values R a of 3 respectively 2 µm for the two directions.
Master characterization
To test the usability for the intended application PDMS was casted in this master. The PDMS strongly adhered to the LTCC which led to the crack of the ceramic master when the PDMS was demolded. Despite that, the chip could be successfully bonded on a glass slide and a part of the micro fluidic circuit is pictured below (Image 3). The image shows that the structure could be casted in a high precision. Especially the meander (1) is well defined, yet there are imperfections as in the transwell insert (2), the valve (3) or the scratches, which are caused by the broken ceramic master.
Image 3 Demolded and bonded PDMS fluidic layer
Conclusions
These first examinations proof the possibility to use a laser rapid prototyping process to generate cast masters faster and more flexible compared to conventional methods. This enables a variety of possible applications for chemical, cosmetic and medical branches of industry. Still the results reveal there is potential for improvement. The selected micro fluidic design served to examine the general feasibility of the process. The promising results enable continuative research with optimized laser parameters for structuring. To avoid defects the ceramic masters shall be coated with a non-stick layer, e.g. Teflon, before the PDMS is casted. An easier demolding and therefore fewer damages should be enabled in this way. Furthermore experiments using burst mode and the wavelengths 532 and 355 nm shall be conducted to examine the influence of parameters, e.g. the laser focus diameter and the pulse energy on the surface roughness, to enable the production of cast masters with smaller structures and more details. Customized microreactors with integrated micropumps and microstructures were successfully built and characterized based on an established dynamic microreactor platform and laser structured masters.
